Previous work has demonstrated that the large subunit (rbcL) of ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCo) from wheat is cleaved at Gly-329 by the Fe 2؉ /ascorbate/H 2 O 2 system (Ishida, H., Makino, A., and Mae, T. (1999) J. Biol. Chem. 274, 5222-5226). In this study, we found that the rbcL could also be cleaved into several other fragments by increasing the incubation time or the Fe 2؉ concentration. By combining immunoblotting with N-terminal amino acid sequencing, cleavage sites were identified at Gly-404, Gly-380, Gly-329, Ala-296, Asp-203, and Gly-122. Conformational analysis demonstrated that five of them are located in the ␣/␤-barrel, whereas Gly-122 is in the N-terminal domain but near the bound metal in the adjacent rbcL. All of these residues are at or very close to the active site and are just around the metal-binding site within a radius of 12 Å. Furthermore, their C ␣ H groups are completely or partially exposed to the bound metal. A radical scavenger, activation of RuBisCo, or binding of a reaction-intermediate analogue to the activated RuBisCo, inhibited the fragmentation. These results strongly suggest that the rbcL is cleaved by reactive oxygen species generated at the metal-binding site and that proximity and favorable orientation are probably the most important parameters in determining the cleavage sites.
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EC 4.1.1.39) is a bifunctional enzyme that catalyzes both photosynthetic CO 2 assimilation and photorespiratory carbon oxidation in the stroma of the chloroplasts. It is the most abundant leaf protein, which accounts for 40 -50% soluble protein and 20 -30% total leaf nitrogen in the mature leaves of C 3 plants ( [1] [2] [3] . During senescence, RuBisCo is rapidly degraded, and its nitrogen is remobilized and translocated into growing organs, thus affecting photosynthesis and nitrogen economy in plants (4) . Recent studies (5) (6) (7) (8) (9) have suggested that reactive oxygen species (ROS) may trigger the degradation of RuBisCo in plants. Our previous works (7, 8) indicated that the large subunit of RuBisCo (rbcL) is directly cleaved into 37-and 16-kDa fragments by ROS in both chloroplast lysates and intact chloroplasts under illumination. A similar fragmentation was also observed when the purified RuBisCo was incubated with the Fe 2ϩ /ascorbate/H 2 O 2 system (7). Furthermore, the cleavage site has been identified at glycine 329, close to the active site of RuBisCo, and it has been suggested that ROS generated at the catalytic site of the rbcL by Fenton reaction may lead to this site-specific fragmentation (9) . Therefore, the mechanism for the Fe 2ϩ -catalyzed oxidative cleavage of RuBisCo needs to be confirmed.
It has been well documented that various biomolecules are susceptible to damage by ROS generated by the presence of reduced transition metals such as Fe 2ϩ and Cu 1ϩ (10, 11) . When these transition metals specifically bind to a protein, the polypeptide backbone can be cleaved by ROS in the presence of H 2 O 2 and/or O 2 and a reducing agent such as ascorbate or dithiothreitol (12) (13) (14) (15) (16) (17) (18) (19) . Protein fragmentation by ROS produced by bound metal ions through Fenton reaction is not a random process. Kim et al. (12) has suggested that ROS are generated locally around irons bound at specific sites on enzymes, and these ROS are responsible for the specific cleavage of proteins such as glutamine synthetase, adenylyltransferase, and pyruvate kinase. Wei et al. (20, 21) demonstrated that malic enzyme is specifically cleaved at the metal-binding site by the Fe 2ϩ / ascorbate system. Similarly, this affinity cleavage has been used to identify the metal-binding sites in several other enzymes including isocitrate dehydrogenase (13), 1-aminocyclopropane-1-carboxylate oxidase (15) , phosphoenolpyruvate carboxykinase (22) , and restriction endonucleases (18) . Moreover, metal-catalyzed oxidative cleavage of proteins has also been used to identify TaqI endonuclease active site residues (16) and to provide information on spatial organization of Na and KATPase (17, 23) , because the bound transition metals catalyze the site-specific cleavages of peptide bonds close to the bound metals.
On the other hand, metal-catalyzed site-specific cleavage of proteins could be achieved by introducing a specific metalbinding site on a protein. Some "bifunctional chelating agents," which incorporate a strong metal-chelating group and a functional group capable of reacting with a specific group on the protein (24) , have been synthesized and used for this approach. Rana and Meares (25, 26) reported a cysteine-specific Fe-EDTA derivative that could be covalently attached to a protein via an ␣-bromoketone. Ermá cora et al. (27, 28) developed another Fe-EDTA derivative, which is attached through a mixed disulfide to a cysteine residue of a protein. When Fe-EDTA is attached to a protein, site-specific cleavage occurs close to the attachment site in the presence of H 2 O 2 and/or O 2 and ascorbate.
In this study, the site-specific cleavage of purified wheat RuBisCo by the Fe 2ϩ /ascorbate/H 2 O 2 system was investigated in detail. We found that several other new fragments besides 37-and 16-kDa appeared when the incubation time was prolonged or the Fe 2ϩ concentration was raised. These fragments were identified by their cross-reactivity with the site-specific antibodies against the N-terminal portion and the C-terminal portion of the rbcL, and the N-terminal amino acid sequences of the fragments containing the C-terminal portion of the rbcL were analyzed. The results demonstrated that all the C-terminal fragments analyzed had free N termini making it possible to identify six cleavage sites including Gly-329. Using the high resolution crystal structures of RuBisCo as models, the sites of cleavage were mapped. The results indicated that all these sites were around the metal-binding site in the rbcL, strongly suggesting that the backbone of the rbcL was cleaved by ROS generated at the metal-binding site. The structural basis of the cleavage reaction was analyzed in detail, and the mechanisms of Fe 2ϩ -catalyzed cleavage of RuBisCo were examined.
EXPERIMENTAL PROCEDURES
Plant Material and RuBisCo Purification-Wheat (Triticum aestivum L. cv. Aoba) seeds were planted on a plastic net floating on tap water in a pot and grown in a phytotron with a day and night temperature of 20 and 18°C, respectively, and 70% relative humidity. The photoperiod was 12 h with a quantum flux density of 300 mol of quanta m Ϫ2 s Ϫ1 at plant height. RuBisCo was purified from the primary and secondary leaves of 9-day-old seedlings according to a previously described procedure (7) .
Cleavage of RuBisCo by the Fe 2ϩ /Ascorbate/H 2 O 2 System-Purified RuBisCo was first passed through an Econo-Pac 10DG (Bio-Rad) column previously equilibrated with 100 mM Hepes-NaOH buffer, pH 7.5, for a change of buffer. In a typical cleavage experiment, 0.5 l of 0.02-20 mM FeSO 4 , 0.5 l of 200 mM sodium ascorbate, and 1 l of 10 mM H 2 O 2 were added to 8 l of RuBisCo solution (the rbcL protomer concentration, 18.5 M) so that the final concentrations in this 10-l mixture would be 14.8 M rbcL, 1-1000 M FeSO 4 , 10 mM sodium ascorbate, and 1 mM H 2 O 2 . The cleavage reaction was held at 4°C for the given time, and then 10 l of 2 ϫ SDS sample buffer (200 mM Tris-HCl, pH 8.5, 2% (w/v) SDS, 20% (v/v) glycerol, and 5% (v/v) 2-mercaptoethanol) was added followed by heating of the mixture at 100°C for 3 min. Boiled samples were analyzed by gel electrophoresis followed by immunoblotting or stored at Ϫ40°C until use. Further experimental details are given in the figure legends.
Gel Electrophoresis and Immunoblotting-SDS-PAGE (12.5%) was performed according to a reported procedure (29) with a modification in the SDS sample buffer as described above. Two-dimensional polyacrylamide gel electrophoresis was carried out by the method of O'Farrell (30) with the exception that 2% (v/v) ampholine (pH range 3.5-10, Amersham Biosciences) was used for isoelectric focusing. Tricine-SDS-PAGE was performed according to the method of Schä gger and von Jagow (31) using a 16.5% T (total percentage concentration of acrylamide-bisacrylamide mixture), 6% C (percentage concentration of the cross-linker relative to the total concentration T) separating gel. The electrophoresis run started at 30 V, and then the voltage was raised to 100 V after the sample had completely moved into the separating gel. Immunoblot analysis was carried out with site-specific anti-rbcL-N and anti-LSU-C antibodies against the N-terminal portion corresponding to residues 3-17 and against the C-terminal portion corresponding to residues 463-477 of the wheat rbcL, respectively (7) .
Isolation of the rbcL Fragments-For sequence analysis, the 40-, 30.5-, and 20-kDa fragments were separated by SDS-PAGE, and the 16-, 10.5-, and 8-kDa fragments were separated by Tricine-SDS-PAGE. Gel electrophoresis was performed as described above with the following modifications. First, the gel was cast overnight prior to use to allow the decomposition of ammonium peroxodisulfate. Second, the samples were treated with SDS sample buffer at 25°C (not at 100°C) for more than 1 h prior to loading the gel to avoid possible modification of the fragments. After gel electrophoresis, the separated fragments were transferred to a polyvinylidene difluoride membrane (Bio-Rad) using a transfer buffer containing 10 mM Caps-NaOH, pH 11.0, and 20% (v/v) methanol. The membrane was then stained with 0.1% (w/v) Coomassie Blue R-250 in 50% (v/v) methanol for 5 min at room temperature followed by destaining in 50% (v/v) methanol for three times within 25 min. The membrane was allowed to air-dry overnight, and the bands of interest were cut out and stored at Ϫ20°C until analysis.
N-terminal Amino Acid Sequencing and Conformational AnalysesThe N-terminal amino acid sequence of the isolated fragments was automatically analyzed with an Applied Biosystems-pulsed liquid protein sequencer (Model 491), equipped with an on-line analyzer of the phenylthiohydantoin derivative of the amino acids. The transblot membranes containing the protein fragments were directly sequenced by Edman degradation for 10 cycles. Identified cleavage sites were mapped on the available structures of RuBisCo in the Research Collaboratory for Structural Bioinformatics Protein Data Bank (32) . Furthermore, conformational analyses were carried out using Insight II (Biosym Technologies, Inc.) and Weblab ViewerLite (Molecular Simulations, Inc.) programs. (33) , RuBisCo from wheat is a hexadecamer of eight large subunits and eight small subunits (rbcS) with molecular masses of ϳ53 (34) and 15 kDa (35), respectively. We have previously demonstrated that the rbcL can be directly broken down into 37-and 16-kDa fragments when incubated with 1 mM H 2 O 2 , 10 M FeSO 2 , and 1 mM ascorbic acid at 4°C for 15 min in 50 mM Hepes-NaOH buffer containing 5% (v/v) glycerol and 1 mM dithiothreitol (9) . However, our recent work has indicated that the rbcL can be degraded into several other fragments as well as 37-and 16-kDa when the conditions of cleavage reaction are changed. It can be seen from Fig. 1A that several new fragments including four major fragments (43-, 40-, 33-, and 20-kDa) and two minor fragments (45-and 30.5-kDa) appeared gradually at 4°C with an increase of incubation time up to 22 h, whereas the quantity of the rbcL decreased slowly. On the other hand, no changes in the rbcS can be detected. Increasing the Fe 2ϩ concentration also led to similar changes in cleavage pattern after 1-h incubation at 4°C (Fig.  1B) . The 37-kDa fragment appeared first and was the most dominant one after 0.5-h incubation or in the presence of 1-10 M Fe 2ϩ . However, unlike the others, no further increase in its quantity could be seen until 22 h of incubation or in the presence of 1 mM Fe 2ϩ . The 16-kDa fragment, which is complementary to the 37-kDa fragment (9), could not be separated from the rbcS by SDS-PAGE because of their similar molecular masses, but it was identified using two-dimensional PAGE and Tricine-SDS-PAGE (see below). These results clearly demon- strate that the rbcL can be cleaved at not only Gly-329 (9) but also at several other sites by the Fe 2ϩ /ascorbate/H 2 O 2 system when the incubation time or the Fe 2ϩ concentration is increased. However, the cleavage of Gly-329 seems to be easier. Note that glycerol was omitted from the Hepes-NaOH buffer in this study, because Hlavaty et al. (18, 22) had reported that glycerol could act as a radical scavenger, which protected the phosphoenolpyruvate carboxykinase and endonuclease against Fe 2ϩ /ascorbate-induced backbone cleavage. Estimation of Putative Cleavage Sites of the rbcL-To determine the cleavage sites of the primary sequence of the rbcL, the cross-reactivities of the fragments with two site-specific antibodies (anti-rbcL-N and anti-rbcL-C) were examined. As shown in Fig. 2 , two-dimensional PAGE (30) was used for separating the polypeptides having similar molecular masses but different isoelectric points (for example, 16-kDa fragment and rbcS). All the fragments found in Fig. 1 , as well as the 16-kDa fragment, were detected by two-dimensional PAGE ( Fig. 2A) . In these fragments, the 45-, 37-, and 33-kDa fragments cross-reacted with the anti-rbcL-N but not with the anti-rbcL-C, indicating they are N-terminal fragments. In contrast, the 40-, 30.5-, 20-, and 16-kDa fragments cross-reacted with only the anti-rbcL-C, demonstrating that they are C-terminal fragments. The band of 43-kDa, which cross-reacted with both the anti-rbcL-N and anti-rbcL-C, seems to be two different fragments that contain the N and C terminus, respectively, of the rbcL. Further experiments on this band demonstrated that there were two fragments that could barely be separated by SDS-PAGE containing 10% (w/v) acrylamide (data not shown). Thus, it can be considered that these two 43-kDa fragments are the N-and C-terminal fragments, respectively, but that they have similar molecular masses and isoelectric points so that they cannot be separated by two-dimensional PAGE. It should be noticed in Fig. 2 that most of the spots were multiple spots with the same molecular weight. This finding could be explained as resulting from the charge heterogeneities of the polypeptides (30), which could be attributed to the ROS-generated oxidative modification of the rbcL fragments, such as formation of carbonyl derivatives on amino acid side chains (36) .
RESULTS

Time and
According to the molecular mass of the rbcL (53 kDa), the following two pairs of fragments seem to be complementary based on their apparent molecular sizes and those mentioned above, 37-and 16-kDa fragments (which were previously demonstrated) and 33-and 20-kDa fragments. However, the complementary fragment of the minor fragment (30.5-kDa), which may have a calculated mass of 22.5 kDa, cannot be seen in Figs. 1 and 2 and was barely visible when SDS-PAGE was applied to a Ͼ5-fold concentrated sample (data not shown), indicating that the cleavage at this site was minor in comparison with the others.
On the other hand, several complements to the other fragments, which may have calculated masses smaller than 15 kDa, remain to be resolved. Here it can be seen from Fig. 1 that there are at least two weak bands under the rbcS (Fig. 1, A and  B, rightmost lanes) . To separate these small fragments more effectively, Tricine-SDS-PAGE (31) was used (Fig. 3) . Based on the molecular mass markers (range of 2.5-17 kDa), three new fragments were found to have molecular masses of ϳ10.5, 9, and 8 kDa, respectively (Fig. 3, lane 1) . The cross-reactivities with the site-specific antibodies indicated that the 9-kDa fragment contained the N terminus of the rbcL, and that the 10.5-and 8-kDa fragments contained the C termini (Fig. 3, lanes 2  and 3) . In addition, a new 13-kDa fragment cross-reacting with the anti-rbcL-N was detected in lane 2, but this band was very weak in Coomassie Blue-stained gel. On the other hand, it was found that this PAGE could also separate the C-terminal 16-kDa fragment. From these results and those shown in Fig. 2 , the following complementary fragments can be considered as pairs: 45 and 8 kDa, 43 and 10.5 kDa, 13 and 40 kDa, and 9 and 43 kDa.
Identification of Cleavage Sites-The apparently complementary pairs of fragments (see above) are summarized in Table I . In the seven C-terminal fragments, six were isolated using SDS-PAGE or Tricine-SDS-PAGE followed by electroblotting onto polyvinylidene difluoride membranes as described under "Experimental Procedures." The remainder of the C-terminal 43-kDa fragment, which could not be isolated from the N-terminal 43-kDa fragment by the methods used for this study, was not investigated further. The six purified Cterminal fragments were subjected to N-terminal Edman degradation sequence analysis. As shown in Table I , all these fragments were sequenced successfully demonstrating that they had free N termini. The N-terminal sequences of 8-, 10.5-, 16-, 20-, 30.5-, and 40-kDa fragments correspond to residues 405-414, 381-390, 330 -339, 297-306, 204 -213, and 123-132 of wheat rbcL, respectively (34) . These results indicate that the rbcLs are cleaved by the Fe 2ϩ /ascorbate/H 2 O 2 system at the following sites: Gly-404, Gly-380, Gly-329, Ala-296, Asp-203, and Gly-122. Note that the Gly-329 agrees with the site found previously (9) . The molecular masses of these C-terminal fragments calculated from the amino acid sequence are 7891, 10,500, 16,181, 19,872, 30,429, and 39,538 Da, respectively, corresponding to their masses measured by SDS-PAGE.
According to a crystallographic study on RuBisCo (37), it has been found that at these cleavage sites, Gly-404, Gly-380, and Asp-203 are parts of the active site residues, Ala-296 and Gly-122 adjoin the active site residues, and Gly-329 is also very close to an active site residue (Table I ). This finding indicates that all the cleavage sites are near the active site of RuBisCo. On the other hand, it is interesting that of these six cleavage sites, four are glycines and one is alanine. The last one, Asp-203, does not seem to be a major site for cleavage because of the small quantities of the pair of fragments (see above), although it is involved in binding the metal ion (37) . Thus, it seems that the simplest two amino acid residues may be easily cleaved by ROS under the conditions used in this study. Fig. 4A , increasing the incubation temperature from 4°C (lane 2) to 25°C (lane 3) led to a remarkable decrease in the appearance of the 37-kDa fragment. Because this fragment was formed by cleavage at Gly-329 (Table I) , which was positioned in flexible loop 6 (9), these residues in loop 6 might be more disorderly at 25°C than at 4°C. Thus, Gly-329 was unfavorable for cleavage.
Effects of Temperature, Mg 2ϩ , 2-carboxyarabinitol 1,5-bisphosphate (CABP), ROS Scavengers, Catalase, and Superoxide Dismutase on rbcL Cleavage-As shown in
It is known that RuBisCo needs Mg 2ϩ and CO 2 for activation (33 (39, 40) . Herein we found that when RuBisCo was preincubated with Mg 2ϩ and CO 2 for activation, the cleavage of the rbcL was inhibited notably (Fig. 4B, lane 3) . When CABP bound to the active form of RuBisCo, no cleavage reaction occurred after the incubation of this quaternary complex with the Fe 2ϩ /ascorbate/H 2 O 2 system at 4°C for 3 h (Fig.  4B, lane 4) or even for 45 h (data not shown). Similar results were also found when the experiments were carried out at 25°C (data not shown). These results strongly indicate that the cleavage is mediated by ROS originating from Fe 2ϩ bound at the metal-binding site instead of the physiological metal ion Mg 2ϩ . Fig. 4C shows the effects of radical scavengers, catalase, and superoxide dismutase on the cleavage reactions at 4°C. NPropyl gallate, an hydroxyl radical scavenger (41) , remarkably protected the rbcL from Fe 2ϩ /ascorbate-induced cleavage (lane 3), clearly demonstrating the involvement of hydroxyl radicals in the cleavage reaction, whereas mannitol (another often used scavenger of hydroxyl radicals) was ineffective (lane 4). These different effects are probably due to their different rate constants with hydroxyl radicals, namely 1. 
TABLE I Analysis of the fragments produced by Fe 2ϩ -catalyzed cleavage of the rbcL
Cleavage experiments were performed as described under "Experimental Procedures." Produced fragments were separated by SDS-PAGE or Tricine-SDS-PAGE and blotted onto polyvinylidene difluoride membranes. Isolated C-terminal fragments were subjected to sequential Edman degradation. b Active-site residues identified by the three-dimensional structure (37) are underlined.
Site-specific Cleavage of RuBisCo by Reactive Oxygen Species
oxide dismutase showed no influence on the fragmentation (lane 6). However, if superoxide anion is generated at the active site, it cannot be scavenged by superoxide dismutase. In addition, it has been found that in the presence of both hydroxyl radicals and superoxide anions rather than the hydroxyl radicals alone, extensive protein fragmentation and little aggregation occur (43) . Similar results were also found when the experiments shown in Fig. 4C were carried out at 25°C (data not shown).
DISCUSSION
Mapping the Position of the Cleavage Sites-In this paper, we investigated the Fe 2ϩ -catalyzed site-specific cleavage of the rbcL in detail. It was indicated that cleavage of the rbcL by the Fe 2ϩ /ascorbate/H 2 O 2 system was time-and Fe 2ϩ concentrationdependent (Fig. 1) . Several pairs of fragments were found (Figs.  2 and 3) , and six cleavage sites were identified using N-terminal amino acid sequencing (Table I) . To obtain more detailed information concerning the steric requirements or selectivity of the cleavage reaction, two models based on the structures of RuBisCo (1RXO and 1RCX) (44) were prepared for mapping the position of these cleavage sites on the rbcL (Fig. 5) .
The rbcL consists of a small N-terminal domain and a large C-terminal domain having an eight-stranded parallel ␣/␤-barrel structure. The active site is found at the C-terminal end of the ␣/␤-barrel and is shaped like a funnel with most of the active site residues being contributed by the loops connecting the ␤-strands to the ␣-helices in the barrel. The N-terminal domain of the adjacent subunit covers part of the top of the active site, and moreover, two loop regions in this domain supply some residues to the active site. Thus, a dimer of the rbcL (L 2 ) is considered the smallest functional unit, and the L 8 core of plant-type RuBisCo is best described as a tetramer of L 2 . The metal-binding site is in the middle of the active site, close to the bottom where the activator CO 2 in the end of the side chain of carbamylated Lys-201 forms one of the protein ligands to the divalent metal ion. Two additional residues, Asp-203 and Glu-204, are involved in binding the metal ion. CABP binds in a rather extended conformation across the ␣/␤-barrel (37) .
As shown in Fig. 5A , five of the cleavage sites with the exception of Gly-122 are located at the C-terminal domain near the metal-binding site. At these sites, Gly-404 is at the Nterminal end of a short helix in loop 8, and Gly-380 is located in loop 7, which interacts with the P1 phosphate group and the C-3 hydroxyl group of CABP, respectively. Asp-203 is in loop 2 and supplies a metal ligand. Ala-296 is situated in loop 5, and its neighboring residue Arg-295 is one of the P2 phosphatebinding sites of CABP. Gly-329 is located in the flexible loop 6. An adjacent residue, His-327, supplies a P2 phosphate-binding site of CABP. On the other hand, the sixth cleavage site, Gly-122, is situated at the N-terminal end of a loop in the Nterminal domain and is far away from the active site in the same subunit (Fig. 5A) . However, it is found close to the bound metal in the adjacent subunit of the dimer (Fig. 5B) . Its following residue, Asn-123, is known to interact with both the carboxyl group and the C-3 hydroxyl group of CABP. Thus, it is clearly indicated that all the cleavage sites are located in or very close to the active site of RuBisCo, just around the metalbinding site. In addition, it is interesting that of the eight loops (loops 1, 2, and 5-8 in ␣/␤-barrel and two loops in the Nterminal domain) contributing all the active site residues (37), six were cleaved.
Because all the cleavage site residues are bound to or are very close to CABP, futhermore, loop 6 forms a "flap" in the structure of RuBisCo⅐CO 2 ⅐Mg 2ϩ ⅐CABP, which closes the entrance to the active site and completely shields CABP from solution (37) . Therefore, Fe 2ϩ cannot enter the active site, and thus no cleavage reaction occurred in this quaternary complex (Fig. 4B, lane 4) . Moreover, preactivation of RuBisCo by CO 2 and Mg 2ϩ notably inhibited the fragmentation (Fig. 4B, lane 3) . These results strongly indicate that the cleavage reaction requires that Fe 2ϩ be bound to the protein. Further conformational analysis based on the structures 1AUS (45) and 1RCX (44) indicated that the distance between the bound metal and the C ␣ of the cleavage site is as follows: 4.31 Å for Asp-203, 8.25 Å for Ala-296, 11.87 Å for Gly-329, 8.51 Å for Gly-380, and 10.95 Å for Gly-404, respectively, and that the C ␣ of Gly-122 in the adjacent rbcL is 11.06 Å from the nitrogen in the ⑀-amino group of Lys-201. These values correspond to that (ϳ15 Å) found in the nuclease-EDTA-Fe complexes (28) . Thus, proximity is a very important parameter for the cleavage reaction of protein. In the case of RuBisCo, most of the residues within a radius of 12 Å from the bound metal are situated in the loop region, therefore, it is easy to explain why the cleavage sites are concentrated in the loops. Furthermore, fragmentation of the rbcL at Gly-122 strongly indicates that the cleavage reaction occurs specifically at the site close to the bound metal in the quaternary structure, irrespective of where the residue is located.
From the models employed, we also found that all the C ␣ H groups of Gly-380, Gly-329, Ala-296, and Gly-122 are completely exposed to the bound metal such that the attack on C ␣ H by ROS generated at the metal-binding site could be quite favorable. By contrast, the nitrogen of Gly-404 is 9.70 Å from the bound metal in comparison with 10.95 Å for C ␣ , therefore, the C ␣ -NH bond points toward the bound metal at an angle of 30°. In case of Asp-203, the carboxyl groups of Asp-203 and Lys-201 carbamate are closer to the metal than C ␣ 203 , and they bind to the metal just above and below the plane of metal/C ␣ 203 -CO 203 . Hence, it appears that these main-chain or side chain groups may partially shield C ␣ so that cleavages at these sites are minor (Fig. 1) . Thus, the orientation of the residues may be another important factor in the cleavage reaction.
Glycine is the most abundant residue involved in the cleavage reaction found in RuBisCo (Table I) . This finding might be explained as being the result of the lack of shielding effect of side chain on C ␣ during the cleavage reaction. However, Ermá -cora et al. (28) have indicated that the cleavage reaction is independent of the type of amino acid. By contrast, they emphasized the importance of solvent accessibility of residues in the cleavage reaction. On the other hand, the Fe 2ϩ (Cu 2ϩ )/ ascorbate system was employed to identify the metal-binding site in the enzyme, because the residues involved in metal binding such as aspartate and glutamate were specifically cleaved (13, 15, 18, 20 -22) . However, in the case of RuBisCo, metal-binding sites were not the major cleavage sites. Thus, it seems that only orientation may be the relevant in each case.
Mechanisms of the Fe 2ϩ -catalyzed Site-specific Cleavage of the rbcL-To explain the chemistry of metal-catalyzed cleavage of the polypeptide backbone, three mechanisms have been proposed on the basis of the chemical structure of the cleavage products. In the first mechanism, a carbonyl carbon is attacked by peroxide coordinated to the Fe-EDTA followed by hydrolysis of the amide bond yielding an N-terminal fragment with a free C terminus and a C-terminal fragment with a free N terminus (46) . In the second mechanism, abstraction of the C ␣ H hydride is followed by oxidation at C ␣ and cleavage of the NH-C ␣ bond to yield an N-terminal fragment with a C-terminal amide and a C-terminal fragment having a blocked N terminus (47) . In the third mechanism, abstraction of the C ␣ H hydride is followed by oxidation at C ␣ and cleavage of the C ␣ -C(O) bond to give an N-terminal fragment containing a C-terminal acylamide and an unstable C-terminal fragment, which decomposes to yield a free N terminus (48) .
In this study, all six C-terminal fragments were found to have free N termini that are suitable for sequencing by Edman degradation (Table I) . Therefore, the first or third mechanism mentioned above seems to be applicable to RuBisCo fragmentation. However, without knowledge of the chemical structure of the C termini of the complementary N-terminal fragments, the mechanism for the Fe 2ϩ -catalyzed cleavage of RuBisCo cannot be confirmed. On the other hand, our previous study (9) indicates that the rbcL was cleaved into the N-terminal fragment (37-kDa) containing residues 1-328 and the C-terminal fragment (16-kDa) containing residues 330 -477, whereas the Gly-329 was missing. Thus, it seems that this cleavage reaction might be according to another new mechanism. However, Gallagher et al. (49) proposed that the C-terminal end of the N-terminal fragment containing an acylamide group generated according to the third mechanism might be cleaved under the mildly basic conditions during the first cycle of C-terminal chemical sequencing to form a fragment with a free C terminus suitable for subsequent sequencing. However, according to their hypothesis, the last two residues in the C-terminal end of the fragment (Phe-129 and Gly-130) were cleaved from the fragment, whereas only one residue was missing in the case of RuBisCo. We do not know whether a similar or another degradation reaction of the N-terminal 37-kDa fragment would occur during the proteolytic digestion and peptide characterization, particularly digesting the 37-kDa fragment with lysylendopeptidase at 37°C for 15 h in pH 9.0 before sequencing (9) . It should be noted that both cleavages occurred at glycine. Additional experiments on the chemical structure analyses of the C termini of the N-terminal fragments of the rbcL are in progress.
